Internal ribosome entry site (IRES) RNAs initiate protein synthesis in eukaryotic cells by a noncanonical cap-independent mechanism. IRESes are critical for many pathogenic viruses, but efforts to understand their function are complicated by the diversity of IRES sequences as well as by limited high-resolution structural information. The intergenic region (IGR) IRESes of the Dicistroviridae viruses are powerful model systems to begin to understand IRES function. Here we present the crystal structure of a Dicistroviridae IGR IRES domain that interacts with the ribosome's decoding groove. We find that this RNA domain precisely mimics the transfer RNA anticodon-messenger RNA codon interaction, and its modeled orientation on the ribosome helps explain translocation without peptide bond formation. When combined with a previous structure, this work completes the first highresolution description of an IRES RNA and provides insight into how RNAs can manipulate complex biological machines.
Internal ribosome entry site (IRES) RNAs initiate protein synthesis in eukaryotic cells by a noncanonical cap-independent mechanism. IRESes are critical for many pathogenic viruses, but efforts to understand their function are complicated by the diversity of IRES sequences as well as by limited high-resolution structural information. The intergenic region (IGR) IRESes of the Dicistroviridae viruses are powerful model systems to begin to understand IRES function. Here we present the crystal structure of a Dicistroviridae IGR IRES domain that interacts with the ribosome's decoding groove. We find that this RNA domain precisely mimics the transfer RNA anticodon-messenger RNA codon interaction, and its modeled orientation on the ribosome helps explain translocation without peptide bond formation. When combined with a previous structure, this work completes the first highresolution description of an IRES RNA and provides insight into how RNAs can manipulate complex biological machines.
Canonical eukaryotic translation initiation is a complex, multistep process in which a modified nucleotide cap on the 5¢ end of the mRNA is necessary for protein factor-dependent recruitment of the 40S (small) ribosomal subunit 1 . The subunit scans the message and recognizes the AUG initiation codon, which leads to GTP hydrolysis, initiation factor protein release, and 60S (large) subunit binding to form the 80S ribosome-mRNA complex. The assembled 80S ribosome, containing an initiator tRNA in the P site, begins translation through eukaryotic elongation factor (eEF) 1A-mediated delivery of an aminoacylated tRNA into the A site. Subsequent peptide bond formation in the ribosome's peptidyl transferase site is followed by eEF 2-catalyzed translocation, and the ribosome enters the elongation phase of protein synthesis (Fig. 1a) . Thus, canonical cap-dependent translation initiation is driven by the action of many protein factors and begins in the P site from an AUG codon in good context; then translocation occurs after the initial peptide bond is made.
In contrast to the canonical cap-dependent pathway, an important alternate mechanism is internal initiation of translation. This mechanism depends on specific cis-acting RNA sequences called IRESes 2, 3 . There is great diversity in IRES sequence, secondary structure and requirements for protein factors, but all IRESes recruit, position and activate the protein-making machinery without recognizing the cap or the 5¢ end of the mRNA. IRESes are critical for the infection of many pathogenic viruses and may be important regulatory elements in gene expression 2 . Insight into the mechanism of many IRESes has been provided by a variety of approaches, but details of their RNA structure-based function remain incomplete. Despite the diversity among IRES RNAs, there may be fundamental structural or mechanistic commonalities that have yet to be discovered. For example, both the IRESes from the IGR of the Dicistroviridae family of viruses and the hepatitis C virus (HCV) interact with ribosomal protein S5 (refs. [4] [5] [6] , and both contact the ribosome over the E site and through the large subunit's L1 stalk 4, 5, 7, 8 . Furthermore, cryo-EM reconstructions of these IRES RNAs bound to the ribosome indicate that both may undergo subtle structural rearrangement during the course of preinitiation complex formation 5, 7 . Answering the question of whether these observations reflect deeper similarities requires more detailed insight into the structure-based mechanisms of model IRES systems.
Among IRES model systems, the Dicistroviridae IGR IRESes possess the most streamlined mechanism of action, because they initiate translation by binding directly to and manipulating the ribosome without any protein initiation factors or initiator tRNA, making them RNA structure-driven translation apparatuses 9 . The Dicistroviridae IGR IRESes vary in sequence, but all share a three-dimensional architecture comprising two independently folded RNA domains that work together to start protein synthesis [10] [11] [12] [13] [14] . The larger domain interacts with both the 40S and 60S ribosomal subunits to recruit the ribosome directly to the IRES [11] [12] [13] (Fig. 1a, right) . The smaller domain (domain 3) includes the functionally essential pseudoknot I (PK I), which contains a cluster of conserved bases (Fig. 1b and Supplementary Fig. 1 online) 14 . Domain 3 docks into the small ribosomal subunit's P site during translation initiation, which is noteworthy because in canonical translation this location must be occupied by initiator tRNA Met (ref. 15) (Fig. 1a) . The IGR IRES-driven mechanism now progresses when delivery of a cognate tRNA to the A site leads to eEF 2-catalyzed translocation that is unusual because it occurs without initial peptide bond formation or P site tRNA 16 . The result of this RNA structure-driven pathway is that unlike typical mRNAs, translation starts immediately downstream of PK I, in the A site, without initiator tRNA, and from a non-AUG codon 15, [17] [18] [19] [20] [21] . Because it enters the P site and facilitates the IGR IRES's streamlined mechanism, domain 3 has been called a 'tRNA-like element' , although no high-resolution structural data have existed to explain this functional mimicry 22 . The lack of a structure can be explained by biochemical characterization that shows PK I is dynamic, with transient base-pairing [11] [12] [13] .
To understand how a relatively small structured RNA can manipulate the ribosome to initiate from the A site and translocate without peptide bond formation and to allow the development of detailed structure-based models for IRES function, we have solved the structure of domain 3 of the cricket paralysis virus (CrPV) IGR IRES RNA by X-ray crystallography to a resolution of 2.4 Å . The structure of domain 3, when combined with the previously solved structure of the ribosome binding domain of an IGR IRES 23 , yields the first complete structural picture of a viral IRES RNA. Combined with mutagenesis and functional and biophysical analysis, this structure suggests a mechanism for translocation without peptide bond formation.
RESULTS

Overview of the structure
The dynamic nature of domain 3¢s PK I indicated that it might be difficult to crystallize. Indeed, a NMR spectrum of this RNA indicated dynamic behavior unsuitable for structure determination, and domain 3 RNA from a variety of IGR IRESes failed to crystallize (data not shown). To find diffracting crystals we screened domain 3 RNAs from several members of the Dicistroviridae family of IGR IRES RNAs (Supplementary Figs. 1 and 2 online) and made systematic changes to the 3¢ and 5¢ ends of the RNA to find a single version that gave crystals that ultimately diffracted to a resolution of 2.4 Å (Fig. 1b) . Both wild-type RNA and a version that contained a mutation used for phasing 24 crystallized in the same space group and formed the same structure; we present the derivative structure here that diffracted to highest resolution. All 43 nucleotides of domain 3 were visible in the structure, although crystal packing placed nucleotides (nts) 6203-6209 into a conformation that is not biologically relevant, and hence this portion of the structure was not part of our analyses ( Supplementary Fig. 3 online) .
The structure of domain 3 of the CrPV IGR IRES RNA consists of essentially two elements (Fig. 1c) . The first element contains two continuously stacked A-form helices with a single extruded, highly conserved adenosine nucleotide between them (A6182). The second element of the structure is the PK I interaction that forms between the hairpin loop and the last five nts of domain 3 (Fig. 1c) , which is the part of the structure that docks into the P site. We observe five base pairs in the pseudoknot, which is the number predicted by phylogenetic and mutational analyses 14, 15 and which is two more than those formed in the canonical tRNA-mRNA interaction. Overall, the structure follows classic H-type RNA pseudoknot topology 25 , with the two stems stacked on each other, loop 1 (containing U6185 and U6186) crossing through the major groove of stem 2 (PK I), loop 2 (containing G6192) stacked between the two stems and loop 3 (nts 6203-6211) poised to interact with the minor groove of stem 1 ( Supplementary  Fig. 4 online) .
The structure reveals a new form of tRNA-mRNA mimicry Examination of the structure of domain 3 and comparison with the structure of an authentic initiator tRNA-mRNA interaction in the P site of a bacterial ribosome 26 reveals that both the topology of the sugar-phosphate backbone and the position of PK I's bases are virtually indistinguishable from the tRNA's anticodon loop, and the pathway of the 3¢ end of the pseudoknot mimics the pathway taken by Fig. 3 ).
an mRNA interacting with an initiator tRNA's anticodon loop (Fig. 2a) . This is the first example of precise mimicry of the initiator tRNA anticodon-mRNA codon intermolecular interaction by a single RNA domain and the first direct demonstration of structural molecular mimicry by an IRES RNA. One difference between the two structures is the presence of A6191 in the CrPV domain 3 loop, which does not correspond to any base in the authentic P site initiator tRNA; this extra base causes G6192 to be tilted and shifted slightly from the position of the corresponding base in the tRNA anticodon loop (Fig. 2a) . The three bases that comprise the 'anticodon' , which are conserved as purines 9, 14 , are stacked in the same manner as in an authentic tRNA. This displays their Watson-Crick faces for basepairing with the three 3¢-most bases of PK I immediately upstream of the translation start site.
Specific interactions and structures are critical for function
The structure of the anticodon loop mimic of the CrPV IGR IRES domain 3 is stabilized by a network of hydrogen bonds between highly conserved nucleotides and well-ordered water molecules (Fig. 2b) . The presence of highly conserved bases U6185, U6186 and G6192 in the loop that do not base-pair in the PK I interaction indicates that the sequence conservation may exist in part to maintain a very specific structure in the loop. Specifically, U6186 spans the loop to hydrogenbond to a phosphate oxygen of G6189, an interaction mirrored in the initiator tRNA anticodon loop, and the bases of G6189 and U6190 form water-mediated hydrogen bonds with U6186 (Fig. 2b) . The conservation of the two bases that close the loop (U6185 and G6192) suggests that a base-pairing interaction might occur (Supplementary Fig. 1 ), but these two bases do not pair and their position matches the analogous bases in initiator tRNA (Fig. 2a) . The tight backbone turn in the anticodon loop mimic seems to be stabilized by a bound cation that docks in an electronegative pocket formed by both phosphates and base functional groups, consistent with the observation that cations also interact within tRNA anticodon loops 27 ( Fig. 2c ). In the derivative structure shown here, the cation is a hexammine ion,
suggesting the cation provides a general neutralization of the negative charge formed by this classic U-turn motif.
Exploring the role of specific bases
The importance of base-pairing in PK I is well established by mutagenesis 14 . Bases U6185, U6186 and G6192 are not part of the PK I base-pairing, but our structure suggests that they are important for forming the overall codon-anticodon mimic, and mutation of these bases should reduce the ability of the IRES to initiate translation. To test this structure-based prediction, we mutated these bases within a dicistronic-dual luciferase construct ( Fig. 3a) and assayed their ability to initiate translation in translationally competent rabbit reticulocyte lysate (RRL) as described 13 , using the ratio of downstream (firefly, F) to upstream (renilla, R) luciferase as the measure of IRES efficiency ( Fig. 3 and Table 1 ). Wild-type CrPV IGR IRES served as the positive control, and a previously characterized mutant in which both PK I and PK III were altered served as the negative control 13 . We found that point mutations to any of these bases led to a decrease in IRES efficiency ( Fig. 3b-d ) but were not as deleterious as mutations that completely abrogate critical pseudoknot interactions 19 . This supports the conclusion that the specific interactions involving these bases are important for IRES function, although no one point mutation is sufficient to completely block IRES function. For example, in the case of U6186 the base reaches across the loop to form a hydrogen bond with a phosphate oxygen, and mutant U6186A alters the hydrogen-bonding pattern and places a bulky purine in place of the pyrimidine. This probably leads to a suboptimal structure in which the anticodon mimicry is subtly altered, but the IRES still can function at a decreased level. To further examine the importance of these bases we measured the translation initiation efficiency of an IRES in which all three of these bases were mutated (U6185C, U6186A, G6192C). This 'triple' mutant IRES showed no measurable IRES activity, demonstrating that these three unpaired bases are critical for function (Fig. 3e) .
Docking the structure into the ribosome During translation initiation domain 3 must dock into the P site of the ribosome 15 . The structure presented here and published biochemical data seem to indicate that it precisely mimics the codon-anticodon interaction. To model this state and thus to explore additional mechanistic implications of this tRNA-mRNA mimicry we docked the structure into its expected location in the P site of a high-resolution crystal structure of a 70S ribosome bound to mRNA and three tRNAs 26 (Fig. 4) . There is nearly perfect local superposition between PK I and P site tRNA in the anticodon-codon portion (Fig. 4a) . However, there is poor overlap between the helical regions. (a) Left, two views of PK I of domain 3 that mimics the anticodon-codon interaction; right, corresponding views of an authentic initiator tRNA anticodon-mRNA codon interaction in the P site of a ribosome (from PDB 2J00) 26 . Corresponding bases in the two structures are colored to match each other. Cyan in tRNA-mRNA structure (right), mRNA; cyan in domain 3 structure (left), 3¢ end of the IRES RNA that mimics mRNA. (b) Interactions that stabilize the structure, with highly conserved nucleotides (Fig. 1b,c) Specifically, in the docked model domain 3 tilts from the P site toward the E site (Fig. 4b) . This break in mimicry seems to occur in the vicinity of bases U6190 and A6191, which pair with U6213 and A6212, respectively, to form the 'extra' base-pairs within PK I that are not part of the codon-anticodon mimic interaction (Figs. 2a and 4a ). This proposed tilt is not obvious in cryo-EM reconstructions of the ribosome-bound IRES, but domain 3¢s density in these reconstructions is weak relative to the rest of the IRES, perhaps indicating that domain 3 is not fully docked into complexes that lack an A site tRNA. However, this tilt is consistent with the observation that in the context of the entire IRES, domain 3 connects with the IRES ribosomebinding domain, which binds over the E site 4, 5 .
We hypothesized that the 'extra' base pairs in PK I that involve U6190 and A6191 help to form the overall structure of domain 3 and are important for function. To test this we used native gel electrophoresis, in which RNAs with altered three-dimensional shapes show aberrant migration relative to wild-type, and translation initiation assays. The mutations we tested were deletion of A6191 (D6191) and simultaneously changing both U6190 and A6191 to their WatsonCrick complements resulting in abrogation of the 'extra' base pairs of PK I (6190-6191_comp) (Fig. 4c) . When subjected to native gel analysis, both 6190-6191_comp and D6191 display a retarded migration rate, indicating that as the structure predicts, mutation of these conserved features of domain 3 affects its conformation. However, whereas the 6190-6191_comp mutation was highly deleterious to IRES function, the D6191 mutation actually increased the efficiency of the IRES in cell-free extract relative to wild type ( Fig. 3e and Table 1) . Thus, the D6191 deletion both alters the equilibrium structure of CrPV domain 3 relative to wild type and increases the IRES's functional efficiency. There is precedent for this type of effect; in the HCV IRES, mutations that destabilize a stem-loop structure containing the start codon lead to an increase in translation efficiency, indicating that disruption or alteration of structure in the decoding groove may be part of the HCV IRES mechanism 28 . The observation that D6191 increases translation efficiency of the CrPV IGR IRES indicates that docking of the domain into the P site may be accompanied by structural changes important for function.
Structural changes of domain 3 within the 80S ribosome The domain 3 crystal structure suggests that it docks precisely into the P site but does not show whether this docking is accompanied by structural changes to the RNA. Cryo-EM reconstructions of IGR IRES-40S subunit and IGR IRES-80S ribosome complexes show IRES conformational differences between these two states, including movement of domain 3. However, these structures do not reveal local changes within domain 3. Therefore, we probed the structure of an IGR IRES RNA related to CrPV (Plautia stali intestine virus, PSIV) in the free, 40S subunit-and 80S ribosome-bound forms using selective 2¢-hydroxyl acylation analyzed by primer extension (SHAPE), which modifies available 2¢-OH groups that are not constrained by basepairing 29, 30 . We found that the modification pattern of specific nucleotides in domain 3 changes when the IRES moves from a 40S subunit-bound state to the 80S ribosome-bound state, indicating that there may be structural changes at these locations (Fig. 4d-f) . Specifically, nts 6156 and 6183-6185 are modified more in the 80S-bound complex, whereas nts 6165, 6170-6172, 6176, 6181 and 6188-6189 are modified less. Increases in modification are interpreted as increases in the dynamic character of the RNA, indicating that the structures associated with these nucleotides are being somewhat destabilized upon 80S binding. These data suggest not only that domain 3 docks precisely into the decoding groove but that subtle structural changes within domain 3 upon 80S binding are part of the IGR IRES mechanism. Interestingly, structural changes and destabilization of the P site codon-anticodon interaction also are associated with canonical translocation and tRNA dynamics, specifically the movement of the P site tRNA into the P/E hybrid state 31 .
Domain 3¢s model position resembles a hybrid-state tRNA
The A/P and P/E hybrid tRNA states, adopted by tRNAs after peptide bond formation, are orientations in which the acceptor stem of the tRNA has shifted on the large subunit to its next position, but the anticodon loop has not yet shifted in the decoding groove on the small subunit 32, 33 . As pointed out by Yamamoto et al. 34 , the IGR IRES RNA simultaneously contacts ribosome features that interact with E site tRNA on the large subunit and the P site on the small subunit 5 , a defining characteristic of a P/E hybrid tRNA 32, 33, 35, 36 (Fig. 5a ). When combined with the structure presented here, this observation indicates that the IGR IRES may globally position itself to mimic a hybrid-state 13 . 'Triple' refers to the mutant containing U6185C + U6186A + G6192C. Error bars, s.e.m. from at least four experiments. Values are given in Table 1 . tRNA while locally mimicking the precise structures and interactions within the P site of the decoding groove. In further support of this idea, we note that the angle between the docked model CrPV IGR IRES domain 3 and a P site tRNA is B40-421, similar to that between a P/E hybrid tRNA and a P site tRNA observed by cryo-EM 37 ( Fig. 5b) . Because the P/E hybrid state is an authentic intermediate of translocation 38 , this putative P/E hybrid-state mimicry could explain translocation without peptide bond formation (Fig. 5c) .
DISCUSSION
IRES RNAs bypass the need for the 5¢ cap structure, in some cases dispensing with the need for any of the eukaryotic translation initiation factors 2, 3 . IRESes are diverse, but it is possible that some aspects of IRES-driven translation are conserved, and finding an explanation for these features requires more in-depth understanding of model IRES systems. The Dicistroviridae IGR IRESes represent a good model system to begin to gain this understanding. We have solved the structure of domain 3 of a Dicistroviridae IGR IRES that docks into the P site of the ribosome during factorless translation initiation. This structure, when combined with the structure of the ribosome binding domain of a Dicistroviridae IGR IRES 23 , allows us to model the entire IRES into position on the ribosome ( Supplementary  Fig. 5 online) and to construct testable structure-based models for IGR IRES function. CrPV IGR IRES domain 3 is a precise mimicry of the anticodon loop-codon structure of an initiator tRNA. The mimicry suggests that docked CrPV domain 3 can form all the specific intermolecular contacts that occur between the ribosome and an authentic anticodon loop-mRNA complex within the decoding center. This is an interesting observation given that the tRNA affinity for the ribosome is highest in the P site 39 , and in bacteria the P site performs a diverse set of functions through very specific contacts with the codon-anticodon structure 40 . Cryo-EM reconstructions of yeast ribosome-tRNA complexes show that most interactions between the 40S subunit and P site tRNA are with the anticodon loop part of the tRNA 41 , and these interactions and changes in ribosome structure maintain the reading frame and lock the ribosome into a pretranslocation conformation 26, 42 . The precise tRNA-mRNA mimicry displayed by CrPV domain 3 indicates that this domain may have related roles during IGR IRES translation initiation. Specifically, the mimicry probably docks PK I precisely to establish the reading frame, positions the next codon in the A site, and also contributes to moving the ribosome into a pretranslocation state. In addition, our probing data suggest that there are structural changes within domain 3 as the IRES progresses from the 40S-bound to 80S-bound state, consistent with the idea that the mechanism of the IGR IRES RNAs involves dynamic changes in both the RNA and the ribosome and not a 'lock-and-key' docking mechanism. The proposal that domain 3 undergoes some sort of subtle structural changes during ribosome assembly and possibly translocation is further supported by the observation that a mutant (D6191) that alters the structure of domain 3 also leads to an increase in IRES function; one might speculate that this mutation promotes these structural changes. However, this leads to the question of why the IRES would have evolved a sequence that inhibits IRES function. This question also has been asked of the HCV IRES, where a conserved stem-loop structure that contains the start codon has been shown to decrease IRES efficiency 28 . One hypothesis is that these IRESes have evolved to Figure 4 Model and probing of domain 3 in the ribosome P site. (a) The part of CrPV IGR IRES domain 3 that mimics the tRNA anticodon loop (red) aligned with the structure of the anticodon loop of an authentic P site-bound tRNA Met (gray, from PDB 2J00) 26 . Dashed box, portion of the structure that is a precise mimic of the initiator tRNA anticodon loop. (b) View of the structure of CrPV domain 3 docked into its predicted position within the decoding groove, aligned with P site tRNA as in panel a. The CrPV domain 3 is in red and cyan, a portion of A site tRNA is in green, and P and E site tRNAs and mRNA are in gray. During CrPV IGR IRES-driven initiation, only the A site tRNA is present. work at a very specific level of efficiency, not necessarily maximal efficiency, because the correct amount of viral proteins must be regulated precisely for successful viral infection 28 . The mutational data are consistent with the idea that both the structural mimicry and perhaps the position of domain 3 in the P site are due to the contribution of many nucleotides. Additional studies to understand the specifics of these conformational changes, the efficiency of IRES activity and the involvement of various nucleotides in domain 3 in these changes will reveal additional details of this dynamic mechanism.
Current models for IGR IRES function describe the IRES initially folding and then binding directly to the ribosome using regions 1 + 2, followed by binding-induced allosteric changes that alter the position of domain 3 in relation to the A and P sites 4, 5, 23 . The structure and observations presented here combined with our previous structure of an IGR IRES ribosome binding domain 23 (regions 1 + 2) and a wealth of other published data now suggest a detailed mechanistic model that extends to IRES-driven translocation after ribosome binding ( Fig. 5c and Supplementary Fig. 6 online) . Specifically, after ribosome binding, domain 3 is placed in the P site, where it forms contacts with the ribosome that precisely mimic an initiator tRNA-mRNA complex. This docking also displays the next codon in the A site, where it is recognized by aminoacylated tRNA. Entry of A site tRNA stabilizes the docked position of domain 3, and in this state the entire IRES may mimic the P/E tRNA hybrid state as suggested elsewhere 34 , allowing the A site tRNA to likewise enter the A/P hybrid state. This elongationlike/pretranslocation configuration is recognized by eEF 2, inducing translocation before a peptide bond is made. Hence, in this model the IGR IRES initiates translation by directly entering and co-opting the ribosome's elongation cycle through molecular mimicry of tRNA.
This model is speculative but is consistent with several other observations. First, IGR IRES binding changes the conformation of the 60S subunit's L1 stalk 5 , and similar conformational changes are associated with eEF 2 binding, P/E hybrid-state tRNA and the translocation cycle 43 . Second, the tRNA hybrid-state configuration is an authentic translocation intermediate 38 that stimulates the action of an elongation factor 44 , thus hybrid-state mimicry by the IRES would facilitate the recruitment and action of eEF 2 and translocation. Third, this model provides an explanation of how the IGR IRES can be removed from the ribosome despite the high affinity (K d ¼ 2-20 nM) of this interaction; it is treated as a deaminoacylated tRNA during the translocation process. In fact, adoption of the P/E hybrid state is known to destabilize interaction in the P site 31 . Fourth, this model is consistent with the overall global position of the IRES on the ribosome, contacting the P site on the small subunit and the E site on the large subunit 4, 5 . Importantly, the hybrid-state model is consistent with, but does not depend on, the tilted modeled position of domain 3; the ability of the IGR IRES to contact both the P site and E sites simultaneously and to mimic the P site codon-anticodon interaction precisely is not dependent on this modeled tilt. Finally, binding of tRNA to the A site of the ribosome is enhanced by eEF 2, and rRNA helix 18 is destabilized upon IGR IRES binding 34 . eEF 2 is known to recognize hybrid-state tRNAs and facilitate translocation, thus this result suggests that the A site tRNA binds and assumes a hybrid state immediately and is consistent with the structure-based model proposed here.
tRNA mimicry in translation is common, but the mode of mimicking both tRNA and mRNA as well as the putative hybridstate mimicry used here has not been previously described. Elongation and release factor proteins have been shown to mimic the overall shape of tRNAs 45 , but none also mimic the mRNA codon, and they do not occupy the P and E sites. Certain viral RNAs can be aminoacylated by cellular synthetases, but direct evidence that they interact with the ribosome is scarce and they also do not mimic mRNA 46 . tRNA and mRNA mimicry is found in bacterial tmRNAs, which act to rescue stalled ribosomes through trans-translation, but they do not have anticodon-codon mimicry and they require SmpB proteins to function 47 . One of these proteins contacts the ribosome in the vicinity of the E and P site in the decoding groove, and a recent structure suggests that it replaces the codon-anticodon interaction 48 , raising the possibility that similar manipulation of the ribosome occurs with tmRNA and some IRESes. Fundamentally similar strategies might be used by a variety of IRESes and other structured noncoding RNAs to manipulate complex biological machines and to respond to specific cellular conditions.
METHODS
Cloning and plasmid production. Plasmid pCrPV1-1 (encoding the CrPV IRES) was used as template for PCR reactions to generate inserts that contain Figure 5 Docking of both IRES domain structures into a cryo-EM reconstruction and hypothesized mimicry mechanism. (a) Three views of the crystal structure of the ribosome binding domain of the PSIV IRES 23 and the domain 3 structure docked into the cryo-EM structure of the CrPV IRES on a human 80S ribosome 5 . At left is a view from the 'top' of the 80S; at top right the 60S subunit has been removed computationally, and at bottom right is this same view rotated 901 with the 60S subunit included. IGR IRES contacts to P and E site interaction sites are indicated. (b) Comparison of the angle between docked domain 3 and P site tRNA (from PDB 2J00) 26 , and P/E hybrid state and P site tRNAs (from PDB 1Z03) 37 . (c) Proposed mechanistic model of tRNA hybridstate mimicry by the Dicistroviridae IRES. Top, canonical method of translocation in which the tRNAs adopt a hybrid state after peptide bond formation but before translocation. Amino acids in the peptide chain, gray circles, P and A site tRNAs, red and green outlines, respectively. 40S subunit, yellow; 60S, blue. Darker shades of blue, conformational changes in the subunit that are associated with the tRNA hybrid states. Bottom, proposed corresponding steps in the IGR IRES mechanism that mimic the hybrid state. IRES, red; the two IRES domains are indicated. the T7 polymerase promoter and nts 6174-6216 of the CrPV RNA flanked by cis-acting ribozymes. Inserts were ligated into the EcoRI/BamHI site of pUC19, amplified in DH5a cells and sequenced to yield plasmid pCrPV11. Mutants were generated using the QuickChange mutagenesis kit (Stratagene).
RNA preparation. The transcription template was prepared by BamHI linearization of pCrPV11 plasmid or by PCR from pCrPV11 using M13 forward and reverse primers. RNA was transcribed in vitro, ethanol-precipitated, purified by denaturing gel electrophoresis, concentrated and stored as described 11 .
Preparation of cobalt(III) and iridium(III) hexammine acetate. Cobalt(III) hexammine acetate and iridium(III) hexammine acetate were prepared from the chloride salts as described 24 . Iridium hexammine was synthesized as described 24 .
Crystallization. RNA was combined with buffer and salt to yield a solution that was 5 mg ml -1 RNA, 10 mM potassium-HEPES buffer, pH 7.5, 2.5 mM MgCl 2 and 0.5 mM spermidine HCl, then heated to 65 1C for 3 min and allowed to cool on the bench. This RNA solution was combined in a 1:1 ratio with well solution (1.4 M Li 2 SO 4 , 40 mM magnesium acetate, 50 mM HEPES-NaOH, pH 7.5) in a hanging drop at 30 1C. To obtain a heavy atom derivative, RNA mutant CrPV-11_GU3 ( Supplementary Fig. 1 ) was prepared and crystallized under conditions identical to wild type. The crystals were stabilized by replacing the well solution with 2.0 M Li 2 SO 4 , 40 mM magnesium acetate, 50 mM HEPES-NaOH, pH 7.5, 0.5 mM spermidine HCl and by subjecting them to overnight equilibration, then transferred to a soaking tray containing 50 ml of this well solution. The soaking solution was replaced in increments to the derivative solution: 3.0 M lithium acetate, 40 mM magnesium acetate, 50 mM HEPES-NaOH, pH 7.5, 0.5 mM spermidine HCl, plus 100 mM iridium(III) hexammine acetate or 100 mM cobalt(III) hexammine acetate. The crystals were soaked for 1 additional hour then cryo-cooled directly in liquid nitrogen. Further details are in Supplementary Methods online and ref. 24 .
Data collection, phasing, building and refinement. The cobalt(III) hexammine-soaked crystals were used in a single-wavelength SAD experiment with Cu-K a radiation (1.5418 Å ) under cryo-conditions. Data were collected and processed in HKL2000 (ref. 49) , and initial phases were found using PHE-NIX 50, 51 . The initial electron density map showed typical features of an RNA such as stacked bases and phosphate backbone. The iridium(III) hexamminesoaked CrPV domain 3 RNA crystals were used in a two-wavelength (1.1055 Å , 1.1053 Å ) MAD experiment at BL 12.3.1 of the Advanced Light Source (Berkeley, California, USA) under cryo-conditions. The MAD data set was processed with ELVES 52 , MOSFLM 53 , the CCP4 Suite 54 and SOLVE 55 . Three iridium(III) hexammine sites were used to obtain initial phases with a figure of merit of 0.62, which improved to 0.78 after solvent flattening. The correct space group and handedness were determined by visually inspecting all possible experimental electron density maps. The model was built in O (ref. 56 ) and refined in CNS 57 using iterative rounds of manual building, simulated annealing, energy minimization, B-factor refinement and automated water-picking. A summary of data collection and statistics is contained in Table 2 , and details of the structure determination and refinement process are contained in Supplementary Methods and Supplementary Table 1 online.
Translation assays. Translation assays were performed essentially as described 13 . Briefly, mutants of pCrPV1-1 were generated and the plasmids linearized with XbaI. RNA was in vitro-transcribed (100-ml reactions) and the reactions were extracted with phenol-chloroform-isoamyl alcohol and precipitated with ethanol. Pelleted RNA was resuspended in 50 ml ddH 2 O and passed through Micro Bio-Spin P-30 columns (Bio-Rad). To 35 ml RRL (Promega) supplemented with amino acids and 154 mM potassium acetate was added 1 mg RNA in a final volume of 50 ml. Reactions were incubated in a 30 1C water bath for 90 min and assayed using the Dual-Luciferase Reporter Assay System (Promega) on a Sirius FB12 luminometer (Zylux Corporation).
Native gels. Purified RNA was used in native gel electrophoresis experiments as described 11 .
SHAPE probing of RNA-ribosome complexes. Salt-washed ribosomes (containing both subunits) and purified 40S subunit were prepared from RRL 58 and SHAPE probing was done essentially as described 29 . Details are contained in Supplementary Methods. Briefly, 310 pmol RNA in 150 ml water were heated to 85 1C for 60 s, then 81 ml of folding solution (222 mM HEPES, pH 7.5, 20 mM MgCl 2 , 333 mM NaCl) were added and the solutions cooled to room temperature (B22 1C). After 54 ml of salt-washed ribosome mix were added, the solutions were incubated for 10 min at 35 1C; this was followed by addition of 100 mg of emitene and another 5 min incubation. To modify the RNA, 33 ml of 65 mM N-methyl-isatoic anhydride (NMIA) dissolved in DMSO were added and incubated for 1 h at 35 1C, followed by addition of 300 ml of dilution buffer (50 mM Tris-HCl, pH 7.5, 5 mM MgCl 2 , 1 mM DTT, 50 mM NaCl, 100 mg ml -1 emitine); then the reaction was placed on ice. Several control reactions containing only DMSO (no NMIA) also were performed but are not shown in Figure 4 .
Preinitiation complexes were separated by ultracentrifugation through 10-35% (w/v) sucrose gradients containing 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, 100 mg emitine as described 10 . After fractionation, the IRES-ribosome complexes were ethanol-precipitated and resuspended in 15 ml water. Control reactions without ribosomal subunits, with purified 40S subunit, in the presence of the ribosome mix, and both with and without NMIA were performed as well but were not processed with a sucrose gradient (data not shown). Reverse transcription was conducted and sequencing ladders generated essentially as described, with the exception that annealing and extension temperatures were 37 1C and 2.3 mM ddNTP was used 29 . Reactions were resolved on 10% (w/v) denaturing polyacrylamide sequencing gels, run at 65 W for various time periods, dried and analyzed as described 11 . Quantitative analysis was performed using SAFA 59 
